Abstract-The fate and removal of the estrogens 17␤-estradiol (E 2 ), estrone (E 1 ), and 17␣-ethynylestradiol (EE 2 ) and of the xenoestrogens bisphenol A (BPA), 4-tert-octylphenol (4-t-OP), 4-nonylphenol (4-NP), and nonylphenol mono-and diethoxylate (NPEO1 and NPEO2, respectively) were investigated in four South Australian sewage treatment plants (STPs; plants A-D) with different treatment technologies. The concentrations in the effluent from the two-year survey were similar to those reported in other studies. In the effluent, 4-NP, NPEO1, and NPEO2 had total concentrations up to 8 g/L, which were much higher than those of BPA and 4-t-OP. Estrone had the highest concentrations among the three estrogens, ranging between 13.3 and 39.3 ng/L, whereas the concentrations for E 2 and EE 2 varied between 1.0 and 4.2 ng/L and between 0.1 and 1.3 ng/L, respectively. The removal rates for the estrogens and xenoestrogens were variable but consistent with the plant performance parameters (biochemical oxygen demand, suspended solids, and ammonia). Considering all the estrogenic compounds analyzed in the present study, plant D, with a series of anaerobic and aerobic lagoons, was the least efficient of the four STPs in the removal of these compounds. The removal rates for 4-NP, NPEO1, and NPEO2 within the plants were 92% for plant A, with conventional activated sludge treatment; 80% for plant B, with two oxidation ditches; 70% for plant C, with three bioreactors; and 64% for plant D, with 10 lagoons in series. Comparatively, the removal of estrogens was lower, with rates ranging between 47 and 68% for E 2 at the four plants. Both E 1 and EE 2 were more persistent during treatment, especially in plants C and D.
INTRODUCTION
In recent years, it has become increasingly recognized that endocrine-disrupting chemicals in effluents from sewage treatment plants (STPs) may adversely affect the reproductive functions of wildlife in the aquatic environment [1] [2] [3] . Conditions such as intersex and elevated levels of vitellogenin were observed in various species of male fish held in effluents from STPs or in rivers downstream of STP discharge sites in the United Kingdom [4] [5] [6] , the United States [2] , and Germany [7] . Vitellogenin is specifically synthesized in the liver of oviparous female fish under the control of 17␤-estradiol (E 2 ). Normally, vitellogenin is undetectable in male and immature female fish. Vitellogenin induction in male fish is a sensitive biomarker of estrogenic substances in effluents from STPs [8, 9] . A variety of natural and synthetic compounds, including natural and synthetic estrogen hormones, bisphenol A (BPA), and the degradation products of alkylphenol ethoxylates (octylphenol polyethoxylates and nonylphenol polyethoxylates [NPEOs] ), have been found to be estrogenic, and they may contribute to the estrogenic activity in STP effluents, thereby affecting fish in the receiving aquatic environments [3, [10] [11] [12] [13] [14] [15] . Although STPs significantly reduce the level of organic matter in wastewater, estrogens and xenoestrogens are still widely detected in final effluents. Monitoring studies conducted in various countries showed that effluents from STPs contain nanograms-per-liter levels of the natural estrogens E 2 and estrone (E 1 ) and the synthetic estrogen 17␣-ethynylestradiol (EE 2 ) [11, 16, 17] and micrograms-per-liter level of phenolic compounds, including BPA, 4-tert-octylphenol (4-t-OP), 4-nonylphenol (4-NP), and nonylphenol mono-and diethoxylate (NPEO1 and NPEO2, respectively) [18] [19] [20] [21] [22] [23] . Natural estrogens and contraceptive drugs are excreted by human beings and animals as inactive polar conjugates, such as glucuronides and sulfates [24] . Most of the estrogen conjugates are rapidly cleaved to free estrogens in untreated sewage through microbial processes before or during sewage treatment [25] . Estrone and E 2 were found in all the effluents of seven STPs from the United Kingdom at measured concentrations ranging from 1 ng/L to almost 80 and 50 ng/L, respectively, whereas EE 2 was detected in three of the effluents at concentrations ranging from 0.2 to 7 ng/L [11] . Chemical fractionation of the effluent samples suggested that natural and synthetic estrogens may be responsible for the estrogenic effects in male fish [3, 11] . Microbial degradation of nonionic NPEO surfactants with no estrogenic activity leads to the formation of estrogenic intermediates (NPEO1, NPEO2, and 4-NP) [26, 27] . Almost complete removal of NPEOs with a long ethoxylate chain was observed in effluents of 20 Japanese STPs [28] . Conventional STPs are not specifically designed to remove these endocrinedisrupting chemicals; removal rates vary from nearly complete to very little [24, 25, [29] [30] [31] [32] . A weak correlation between E 1 removal and total hydraulic retention time or sludge retention time was observed with data from 17 STPs across Europe [32] . Although advanced treatment technologies, such as ozonation, membrane filtration, and activated carbon adsorption, showed improved removal of endocrine-disrupting chemicals in STPs, using these technologies would increase the operation costs of treating wastewater [33] . Therefore, a need remains to understand the removal mechanisms and fate of estrogens and xenoestrogens during wastewater treatment processes to have better management of conventional STPs.
In the present study, four STPs with different treatment technologies (conventional activated sludge, bioreactors, oxidation ditches, and anaerobic and aerobic lagoons) in South Australia (Australia) were chosen to investigate the fate and removal of natural and synthetic estrogens (E 1 , E 2 , and EE 2 ) as well as estrogenic phenolic compounds (BPA, 4-t-OP, 4-NP, NPEO1, and NPEO2) within the STPs. Wastewater samples were collected from different treatment stages of the STPs and examined for estrogens and xenoestrogens using various analytical techniques.
MATERIALS AND METHODS

Chemicals
The standards E 1 , E 2 , EE 2 , and BPA-d16 (used as internal standard) were obtained from Sigma-Aldrich (Sydney, Australia). Whereas 4-t-OP, 4-NP, NPEO1, NPEO2, as well as other NPEOs (NPEO9) was obtained from Chem Service (Melbourne, Australia), BPA and 4-NP (used as internal standard) were purchased from Fluka (Riedel-de Haën, Australia). N,OBis(trimethylsilyl)-trifluoroacetamide (used as a derivatization reagent) was purchased from Aldrich (Sydney, Australia). High-performance liquid chromatography-grade hexane, acetone, methanol, and acetonitrile were obtained from BDH (Melbourne, Australia). Stock solutions (100 mg/L) of each standard as well as mixtures were prepared in methanol.
Sewage treatment plants
Four STPs from South Australia were chosen in the present study; because of confidentiality requirements, these STPs cannot be named and are referred to here as plants A, B, C, and D. Detailed process flow charts for the four STPs are given in Figure 1 . The performance parameters (24-h averages) for the four STPs in July 2005 are listed in Table 1 . Plant A is a large, municipal, activated sludge treatment plant with a tertiary treatment stage of six lagoons. Final effluent from plant A is discharged into the sea or reused for irrigation. The other three plants (plants B-D) are small, rural STPs. Final effluents from the three rural STPs are discharged to small creeks. Plant B uses a biological process with two oxidation ditches followed by chlorination. Plant C uses an activated sludge process with three bioreactors, followed by ultraviolet (UV) disinfection and chlorination. Plant D comprises 10 lagoons operated in series (two parallel anaerobic lagoons, followed by eight aerobic lagoons); only lagoon 3 is aerated. The hydraulic retention times for plants A, B, and C are 10 to 15 h, whereas plant D has a longer retention time (Ͼ24 h).
Sample collection
Water samples (1 L each) were collected in four replicates using precleaned, 1-L, brown glass bottles and preserved by acidification to pH 3 with 5 M (molar concentration) sulfuric acid. All water samples were collected using 24-h composite samplers (ISCO 6712 full-size portable sampler; Teledyne Isco, Lincoln, NE, USA). The water samples were taken at an equal proportion in each hour without considering the flow rate. Two blank samples also were collected during the sampling process. For this, two bottles filled with Milli-Q water (Millipore, Molsheim, France) were taken to the field to check for potential contamination. After collection, samples were transported on ice to the analytical laboratory and then stored in a cold room (4ЊC) until extraction. Water samples were extracted within a week.
Sampling for wastewater from the four STPs was conducted were collected from the sewage inlet, the combined clarifier, and the outlet after chlorination. Wastewater samples from plant C were collected from the sewage inlet, the clarifier, and the outlet after UV disinfection and chlorination. Water samples (24-h composite) from plant D were collected from the sewage inlet and three aerobic lagoons (4th, 6th, and 10th).
Sample extraction
Water samples (1 L each) were filtered through GF/C glassfiber filter papers (pore size, 1.2 m; Whatman, Adelaide, South Australia, Australia). Internal standards (BPA-d16 and 4-NP) were added to 1 L of the filtered water at a concentration of 100 ng/L each. The water samples were passed through Waters C18 cartridges (Waters, Melbourne, Victoria, Australia), which were preconditioned by using 5 ml of methanol and 5 ml of Milli-Q water. The cartridges were washed with water containing 10% methanol (50 ml, v/v), and the target compounds were eluted from the cartridges with organic solvent (twice with 4 ml of ethyl acetate each time). The extracts were blown to dryness or just dried by a gentle stream of nitrogen gas, then redissolved in 1 ml of acetonitrile. The extracts were stored in a refrigerator before analysis.
Chemical analysis
Phenolic compounds including BPA, 4-t-OP, 4-NP, NPEO1, and NPEO2 were analyzed by gas chromatography-mass spectrometry, whereas estrogens (E 1 , E 2 , and EE 2 ) were measured by enzyme-linked immunosorbent assays (ELISAs). Nonylphenol ethoxylates (ethoxylate units, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] in the extracts were analyzed by liquid chromatography-mass spectrometry.
The phenolic compounds in the extracts were converted into their trimethylsilyl derivatives by N,O-bis(trimethylsilyl)-trifluoroacetamide and determined by gas chromatographymass spectrometry (6890 GC and 5972 MSD; Agilent, Adelaide, South Australia, Australia). The instrument was equipped with HP-5MS capillary column (length, 30 m; inner diameter, 0.25 mm; film thickness, 0.25 m; Agilent). Helium was used as carrier gas at a flow rate of 1.1 ml/min. Oven temperature was programmed as follows: 120ЊC for 2 min, then ramped to 190ЊC at 10ЊC/min, then ramped to 300ЊC at 3ЊC/min and held for 5 min. The injector and interface temperatures were set at 280ЊC, MS quad at 150ЊC, and MS source at 230ЊC. Selected-ion mode was used, and the ions for quantification were as follows: m/z 207 for 4-t-OP, 221 for 4-NP, 251 for NPEO1, 295 for NPEO2, and 357 for BPA. The instrumental detection limits for the selected compounds using gas chromatography-mass spectrometry were 5 ng/L; however, because of complex matrix interferences in real water samples, the reporting limits of quantification for the analytical method were set to 20 ng/L for 4-NP, NPEO1, and NPEO2 and to 10 ng/L for 4-t-OP and BPA. Recoveries determined for effluent samples spiked with 50 ng/L of each standard were 80% Ϯ 1% for BPA, 78% Ϯ 1% for 4-t-OP, 122% Ϯ 9% for 4-NP, 86% Ϯ 6% for NPEO1, and 74% Ϯ 8% for NPEO2 (n ϭ 4). Estrogens (E 1 , E 2 , and EE 2 ) in the extracts were measured using ELISA kits from Japan EnviroChemicals (Tokyo, Japan). All the assays were conducted according to the instruction manuals supplied with the ELISA kits [34] . The quantification limit for each estrogen was 0.05 ng/L. The recoveries for the three estrogens in effluents spiked at 25 and 50 ng/L were more than 80%.
Nonylphenol polyethoxylates (NPEO3-15) in the wastewater samples from different treatment stages also were analyzed using liquid chromatography-mass spectrometry (Finnigan TSQ Discovery MAX, Melbourne, Victoria, Australia). Chromatographic separation was made on a BDS Hypersil C18 column (length, 150 mm; inner diameter, 2.1 mm; film thickness, 3 m; Adelaide, South Australia, Australia) using 80% 
RESULTS AND DISCUSSION
Occurrence in effluents
Monitoring data for the years 2004 and 2005 (Table 2 ) showed that 4-NP, NPEO1, and NPEO2 had the highest concentrations in the effluents among the estrogenic phenolic compounds analyzed during the present study. The effluent concentrations for 4-NP, NPEO1, and NPEO2 measured in the current investigation were similar to those reported in the STP effluents of other countries [14, 23] . Often, however, the concentrations of 4-NP, NPEO1, and NPEO2 differed widely among various STPs. In Germany, the concentrations of 4-NP in the effluents of 18 STPs ranged from 250 to 2,300 ng/L, and the concentrations of NPEO2 ranged from less than the detection limit (LOD) to 5,500 ng/L [14] . In all 90 effluent samples from three Swiss and two French STPs, maximal concentrations were found up to 1,740 ng/L for 4-NP, up to 2,580 ng/L for NPEO1, and up to 3,970 ng/L for NPEO2 [35] . In Italy, NP concentrations were found ranging from 700 to 4,000 ng/L, and those of NPEO1 through NPEO3 ranged from 2,000 to 27,000 ng/L in the effluents [36] . In the United Kingdom, 4-NP levels in the effluents were reported as ranging from less than 200 to 5,400 ng/L [37] .
Natural and synthetic estrogens (E 1 , E 2 , and EE 2 ) were all [11, 14, 16, 35] . In the effluents of 18 German STPs, estrogen concentrations varied widely (between LOD and 22 ng/L for E 1 , between LOD and 15 ng/L for E 2 , and between LOD and 4.1 ng/L for EE 2 ) [14] . Similar values for the estrogens also were found in the effluents of seven United Kingdom STPs, with concentrations ranging from 1 to 80 ng/L for E 1 , from 1 to 50 ng/L for E 2 , and from LOD to 7 ng/L for EE 2 [11] .
The concentrations of 4-t-OP and BPA in the effluents of the four STPs were always very low, indicating little contribution to the total estrogenicity, especially given their low estrogenic potency [25] (Table 3) . Based on the levels of these estrogens and xenoestrogens found in the effluents of the four South Australian STPs and their relative estrogenic activities, it can only be speculated whether the concentrations of steroids in effluent are sufficiently high to produce effects in fish of the rivers receiving those effluent discharges. Further in vivo studies are needed to assess the real risk posed by the release of these compounds into the aquatic environment. Based on the current investigations, E 1 , EE 2 , E 2 , and 4-NP can be regarded as important contributors to the total estrogenic activities in the effluents. These four compounds could be recommended as the key endocrine-disrupting chemicals of concern for monitoring STP performance in terms of treating effluent and predicting the potential risk of treated effluent discharges into the receiving environment. Figures 2 and 3 show changes in concentrations of the xenoestrogens and estrogens within the four STPs. The concentrations of 4-t-OP and BPA in wastewaters within the four STPs were much lower in comparison with those of 4-NP, NPEO1, and NPEO2. Moreover, 4-t-OP and BPA had high removal in the STPs, with efficiencies of greater than 90% except for plant D, which had a removal efficiency of only 20% for BPA. This resulted from the relatively lower BPA level of 184 Ϯ 11 ng/L in the raw sewage; the levels for BPA in the wastewaters from lagoons 4 and 6 (285 Ϯ 11 and 249 Ϯ 6 ng/L, respectively) were even higher than that in the raw sewage of plant D. In plant A, the concentrations for BPA varied from 627 Ϯ 67 ng/L in the raw sewage and 726 Ϯ 16 ng/L in the primary effluent to 17 Ϯ 6 ng/L in the secondary effluent and 12 Ϯ 4 ng/L in the final effluent, which gave a removal rate of 98%.
Fate in STPs
Liquid chromatography-mass spectrometry found high concentrations of NPEO3 to NPEO15, with a maximum peak at NPEO9 in the raw sewage samples: 1,020,000 ng/L from plant A, 110,000 ng/L from plant B, 120,000 ng/L from plant C, and 26,000 ng/L from plant D. The concentrations of NPEOs decreased rapidly to less than 1,000 ng/L in the final effluents of the STPs. For example, the concentrations of NPEOs within plant A decreased from 1,020,000 ng/L in the raw sewage and 711,000 ng/L in the primary effluent to 31,000 ng/L in the secondary effluent and less than 1,000 ng/L in the final effluent. At the same time, NPEOs shifted from a dominance of those with long ethoxylate units in the raw sewage and primary effluent to those with short ethoxylate units in the secondary and final effluents. A similar trend also was observed in a Japanese STP survey [28] . Degradation of NPEOs accompanied formation of 4-NP, NPEO1, and NPEO2, which have estrogenic activities [10] . During sewage treatment, NPEOs are biodegraded initially via shortening of the hydrophilic chain, forming increasing lipophilic and persistent metabolites, including short-chain alkylphenol ethoxylates and their carboxylic acid derivatives, and finally, nonylphenols [23, 26] . The concentrations of 4-NP, NPEO1, and NPEO2 within plant A varied from 99,000 ng/L in the raw sewage and 217,000 ng/L in the primary effluent to 13,000 ng/L in the secondary effluent and 8,000 ng/L in the final effluent (Fig.  2) . Within plant B, total amounts of 4-NP, NPEO1, and NPEO2 decreased from 18,000 ng/L in the raw sewage to 4,000 ng/L in the effluents of the combined clarifier and 3,500 ng/L in the final effluent after chlorination. Within plant C, with three bioreactors followed by UV disinfection and chlorination, the total amounts of 4-NP, NPEO1, and NPEO2 decreased from 19,000 ng/L in the raw sewage to 7,500 ng/L in the effluent of the combined clarifier and 5,600 ng/L in the final effluent. Within plant D, the total amounts of 4-NP and NPEO1-2 decreased from 10,400 ng/L in the sewage inlet to 6,600 ng/L in lagoon 4, 4,000 ng/L in lagoons 6, and 800 92 Environ. Toxicol. Chem. 27, 2008 G.-G. Ying et al. ng/L in lagoon 10. The removal rates for 4-NP, NPEO1, and NPEO2 were 92% for plant A, 80% for plant B, 70% for plant C, and 64% for plant D (Table 4 ). This suggests that generation and degradation of 4-NP, NPEO1, and NPEO2 occurred simultaneously within each plant. Although E 2 concentrations had little variation between the raw sewage and primary effluent from plant A, a decreasing trend, in general, exists for E 2 in all the STPs (Fig. 3) . (Table 4) . Estradiol probably was converted to E 1 within the STPs, as demonstrated by previous studies [38] [39] [40] . These studies showed that E 2 could be quantitatively oxidized to E 1 under both aerobic and anaerobic conditions. Relatively low removal of E 1 was observed within the three STPs, with rates ranging from 0.87% in plant D to 63% in plant B. Estrone can be directly excreted from humans and animals and can be formed by conversion from E 2 within the STPs [38, 41] . Within plant A, E 1 decreased from 51.0 Ϯ 0.9 ng/L in the raw sewage and 49.8 Ϯ 0.3 ng/L in the primary effluent to 39.9 Ϯ 2.6 ng/L in the secondary effluent and 39.3 Ϯ 0.9 ng/L in the final effluent, indicating almost no loss during primary sedimentation and lagoon treatment processes. Similarly, almost no loss was observed within plant D, with 10 lagoons in series, for which E 1 concentrations varied between 35.5 Ϯ 2.2 ng/L in the sewage inlet and 34.2 Ϯ 0.3 ng/L in lagoon 10. Even assuming 100% conversion of E 2 to E 1 within the plant, only 3.5 ng/L converted from E 2 (using 7.4 ng/L in the raw sewage and 3.9 ng/L in lagoon 10). Plant B gave a relatively higher removal rate (63%), probably as a result of its treatment technology, which used highly aerated oxidation ditches, because E 1 can be easily degraded by microbes under aerobic conditions and is more persistent under anaerobic conditions, as demonstrated in the soil environment [39] . Less and variable removal rates for E 1 also were observed in the United Kingdom and German STPs [24, 29] . The reason for the persistence of E 1 in the STPs is not understood.
Variable removal rates were found for synthetic drug EE 2 in the STPs (Table 4 ). The lowest removal of EE 2 was observed in plant C, at a rate of only 0.77%, whereas the highest removal was observed in plant A, at a rate of 72%. Within plant C, EE 2 concentrations had little variation between 1.11 Ϯ 0.13 and 1.29 Ϯ 0.01 ng/L. Within plant A, EE 2 concentrations decreased from 1.50 Ϯ 0.01 ng/L in the raw sewage and 1.11 Ϯ 0.49 ng/L in the primary effluent to 0.61 Ϯ 0.04 ng/L in the secondary effluent and 0.42 Ϯ 0.11 ng/L in the final effluent (Fig. 3) . 17␣-Ethynylestradiol concentrations varied between 0.63 Ϯ 0.04 and 1.17 Ϯ 0.18 ng/L in plant D, whereas it decreased from 1.18 Ϯ 0.00 to 0.49 Ϯ 0.01 ng/L in plant B. 17␣-Ethynylestradiol generally is more persistent than natural estrogens in STPs and in the environment [38, 42] . Usually, the removal rates for the three estrogens in the four STPs were relatively low and variable, especially for plants C and D, suggesting relatively poorer performance in comparison to the other two STPs. The removal rates for phenolic compounds in plants C and D also were lower than in plants A and B. Based on our observation, aeration in plants A and B facilitated the biological degradation of the estrogenic compounds during treatment processes, because those compounds can be more easily degraded under aerobic conditions [39, 42] . Considering all the estrogenic compounds analyzed in the present study, plant D, with a series of anaerobic and aerobic lagoons, was the least efficient STP for removing these compounds. This is consistent with the plant performance parameters (removal rates of biochemical oxygen demand [BOD], suspended solids, and ammonia), as shown in Table 1 . The highest BOD, suspended solids, and ammonia were found in plant D, which resulted in the lowest removal efficiencies among the four STPs. Therefore, lagoon treatment technology has limitations in removing estrogenic compounds from sewage.
CONCLUSION
Estrogens (E 1 , E 2 , and EE 2 ) and xenoestrogens (BPA, 4-t-OP, 4-NP, NPEO1, and NPEO2) were all detected in the effluents of the four STPs from South Australia. Among these estrogenic compounds, E 1 , EE 2 , E 2 , and 4-NP were regarded as important contributors to the total estrogenic activities in the effluents based on their levels and relative estrogenic potencies. The removal rates for the estrogens and xenoestrogens were variable but consistent with the plant performance parameters, such as removal rates of BOD, suspended solids, and ammonia. Plant D, with a series of lagoons, was the worst performer in the removal of these estrogenic compounds. Plant A, with conventional activated sludge treatment, and plant B, with two oxidation ditches, performed better in removing the estrogenic compounds from wastewater compared with plants C and D. The estrogen removal in the STPs was comparatively low, especially for E 1 in plant D, with 10 lagoons in series, and for EE 2 in plant C, with three bioreactors. In general, the lagoon treatment technology used in plant D has low efficiency in the removal of not only BOD, suspended solids, and ammonia but also those estrogens and xenoestrogens in sewage.
Because of the high estrogenic potency and the persistence of these estrogenic compounds in the environment, further studies are needed to determine if dilution of the effluent in the receiving environment could affect biota and pose a risk to the receiving environment. In some riverine environments, however, where the effluent contributes a large volume of the flow, especially during the summers, when the flow in the rivers is primarily the result of effluent discharge, it is possible that aquatic organisms may be exposed to estrogenic chemicals at levels sufficient to produce biological responses. This needs to be investigated by conducting further assessments of the receiving environment.
